year of age. Host innate and acquired immune responses activated following RSV infection have been suspected to contribute to RSV disease. Toll-like receptors (TLRs) activate innate and acquired immunity and are candidates for playing key roles in the host immune response to RSV. Leukocytes express TLRs, including TLR2, TLR6, TLR3, TLR4, and TLR7, that can interact with RSV and promote immune responses following infection. Using knockout mice, we have demonstrated that TLR2 and TLR6 signaling in leukocytes can activate innate immunity against RSV by promoting tumor necrosis factor alpha, interleukin-6, CCL2 (monocyte chemoattractant protein 1), and CCL5 (RANTES). As previously noted, TLR4 also contributes to cytokine activation (L. Furthermore, we demonstrated that signals generated following TLR2 and TLR6 activation were important for controlling viral replication in vivo. Additionally, TLR2 interactions with RSV promoted neutrophil migration and dendritic cell activation within the lung. Collectively, these studies indicate that TLR2 is involved in RSV recognition and subsequent innate immune activation.
Paramyxoviridae family, is a common cause of serious lower respiratory tract illness in infants and young children and may cause repeated infections throughout life. Both primary and repeat infections are associated with a range of illnesses, from common cold-like symptoms to serious lower respiratory tract diseases such as bronchiolitis and pneumonia. The pathogenesis of human RSV disease is not well understood, and the underlying mechanisms responsible for the broad range of illness associated with infection have not been elucidated (35, 37) . Both environmental and genetic factors have been hypothesized to play a significant role in disease pathogenesis, possibly by leading to differences in innate inflammatory responses to infection in the lung (6) . RSV is a high priority for vaccine development, but to date attempts to develop a vaccine have been unsuccessful. It is likely that understanding the pathogenesis of RSV disease, including the innate immune response to infection, will help in designing a safe and effective vaccine (7, 36) . Therefore, much of the current RSV research is focused on understanding the immunopathogenesis of RSV disease.
Toll-like receptors (TLRs) expressed on leukocytes and within tissues play an important role in activating innate immunity by recognizing invading pathogens, including viruses such as RSV, and initiating signals that promote components of inflammation (25) . TLR signaling occurs through a common Toll-interleukin-1 (IL-1) receptor domain. All TLRs recruit MyD88 to the Toll-IL-1 domain with the exception of TLR3, which recruits Toll-IL-1R domain-containing adaptor inducing beta interferon (IFN-␤). MyD88 signaling activates transcriptional gene regulators including mitogen-activated protein kinase, NF-B, and IFN regulatory factors. These transcriptional regulators promote cytokine, chemokine, and IFN production (25) . Resident leukocytes, including dendritic cells (DCs), macrophages, and lung epithelial cells, play key roles in mediating inflammatory responses to RSV by expressing TLRs that recognize RSV motifs (2, 44) . TLRs are thought to be directly involved in activating innate immunity against many viruses, including RSV, following the recognition of certain conserved viral motifs (28, 40, 41) . Early inflammatory signals generated via virus-TLR interactions can contribute to the recruitment of additional inflammatory mediators, including neutrophils and NK cells, into the lung that are thought to be important for clearing RSV-infected cells (5, 33, 35, 44) .
Innate inflammatory components generated in part through TLR signaling can influence the type (i.e., Th1 or Th2) of immune response generated against RSV. Genetically predis-posed individuals exhibit aberrant immune activation after RSV infection, which can promote bronchiolitis, persistent wheezing, and overactive mucous production (42, 49) . Our laboratory previously reported that RSV F protein interacts with TLR4, which can signal through MyD88 to activate an innate immune response (21, 28) . These results have been confirmed and extended by others, further supporting the hypothesis that TLR signaling is involved in the innate immune response to RSV (7, 19) . Recently, Awomoyi et al. suggested that defects in TLR signaling, particularly in TLR4, are linked to RSV-induced pathology in preterm high-risk infants (3), although the overall effect of TLR4 on RSV pathogenesis remains unclear. Supporting these findings, Holt et al. demonstrated that peripheral blood mononuclear cells isolated from children with TLR4 mutations exhibited decreased NF-B activation and subsequently displayed decreased cytokine production in response to RSV, suggesting that weakened immune responses contribute to RSV-induced disease (50) . Taken together, these studies provide evidence that TLR-dependent signaling is important for activating early inflammatory responses to RSV and that aberrant TLR signaling promotes RSV-induced disease.
In the present study, we further explored the role of TLRs in activating innate immune responses against RSV. We examined whether RSV could promote the activation of innate immunity through TLR2 signaling. TLR2 is expressed on the surface of immune cells and tissues as a heterodimer complex with either TLR1 or TLR6 (1). TLR2 and TLR1 or TLR2 and TLR6 complexes recognize bacterial motifs as well as a diverse range of viruses, including hepatitis C virus, herpes simplex virus, lymphocytic choriomeningitis virus, and human cytomegalovirus, and strongly promote early innate inflammatory responses after viral recognition (8, 9, 27, 56) . Genetic analysis and vaccine studies of BALB/c mice indirectly suggest that TLR2 signaling is involved in RSV recognition; however, these studies did not investigate whether TLR2 directly interacts with RSV (11, 20, 23) . We wished to further examine the inferred relationship between RSV and TLR2, because identifying novel pathways by which RSV activates innate immunity could aid the development of safe and effective RSV vaccines. In this study, we demonstrate that RSV interacts with TLR2 and TLR6 but not TLR1 and that this interaction activates innate immunity.
MATERIALS AND METHODS
Animals. Knockout (KO) mice were extensively back-bred onto the C57BL/6 background. Backcrossing was confirmed by satellite marker analysis (Charles River Laboratories), and mice were genotyped by the PCR amplification of tail DNA. Eight-to 10-week-old female TLR1 KO (F 9 ), TLR2 KO (F 11 ), TLR4 KO (F 11 ), TLR6 KO (F 10 ), and MyD88 KO (F 12 ) mice (back-bred from KO mice originally provided as a gift from Shizuo Akira) were housed under specificpathogen-free conditions at the University of Massachusetts, Worcester campus. Age-and sex-matched C57BL/6, BALB/c, and B6.129F2/J wild-type mice were purchased from The Jackson Laboratories.
Growing RSV. Human RSV strain A2 was grown in Vero cells. Briefly, 85 to 90% confluent T175 flasks of Vero cells were infected with RSV at a multiplicity of infection (MOI) of 1 in 5 ml of Dulbecco's modified Eagle's medium (DMEM). Cells were infected for 2 h at 37°C and 5% CO 2 . After infection, 7 ml of DMEM with 10% fetal bovine serum (Gibco), 0.1% penicillin-streptomycin (Pen/Strep) (Cellgro), and 0.001% ciprofloxacin (Bayer) was added to the flask. Flasks were incubated for approximately 4 days or until extensive syncytium formation was observed. On the day of harvest, all except 3 ml of supernatant was removed and placed on ice in 50-ml conical tubes, approximately 3 ml per tube. Cells were scraped from the flask, added in equal distribution to conical tubes, and sonicated three times, 5 s per time, at 25 W on ice. Cell debris was removed by centrifugation at 600 ϫ g for 7 min at 4°C. Virus supernatant was stored in 30% sucrose at Ϫ80°C. Uninfected flasks were treated identically to generate Vero cell lysate control.
Harvesting peritoneal macrophages. Mice were intraperitoneally (i.p.) injected with 4% thioglycolate (Sigma). Four days after injection, mice were euthanized and the peritoneum was flushed with normal saline. Contaminating red cells were lysed with red blood cell lysing buffer (Sigma) according to manufacturer specifications. The resulting peritoneal exudate cell suspension was analyzed by flow cytometry and consisted of Ͼ90% macrophages based on CD11b ϩ expression (data not shown). Cells were resuspended in DMEM containing 10% fetal bovine serum (FBS) (HyClone) and 0.1% Pen/Strep, quantified using a hemocytometer, and added to tissue culture plates (Costar) for further analysis.
Macrophage stimulation assays. Peritoneal macrophages were seeded in 96well round-bottom tissue culture-treated plates (Costar) at 1.0 ϫ 10 6 cells/ml. Cells were stimulated with live RSV strain A2 (MOI of 0.3), UV-inactivated RSV strain A2 (MOI equivalent of 0.3), TLR4 ligand LPS (100 ng/ml) (Sigma), TLR2 ligand Pam 2 CSK 4 (100 ng/ml) (Sigma), and Vero cell lysate control (50 l/well) as indicated. The UV inactivation of RSV was performed using a UV Stratalinker 2400 (Stratagene) at a voltage of 1 ϫ 10 6 mJ/cm 2 . Inactivation was confirmed by immunoplaque assay.
Macrophages were stimulated for 24 h at 37°C and 5% CO 2 . After stimulation, cell supernatants were removed and stored at Ϫ20°C for enzyme-linked immunosorbent assay (ELISA) analysis. Intracellular tumor necrosis factor alpha (TNF-␣) production was determined using fluorescein isothiocyanate-conjugated anti-TNF-␣ antibody (BD Pharmingen), and macrophages were gated using phycoerythrin (PE)-conjugated anti-CD11b antibody (BD Pharmingen).
In vivo infection. Mice were lightly anesthetized with isoflurane and intranasally (i.n.) challenged with 2.4 ϫ 10 6 PFU of RSV strain A2 or an equal volume of Vero cell lysate control.
Collection and analysis of BAL cells and lung tissue. Mice were anesthetized with isoflurane and exsanguinated by severing the right caudal artery. Bronchoalveolar lavage (BAL) cells were harvested by lavaging the lung four consecutive times with 1 ml phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA). BAL cells were pooled and pelleted by centrifugation at 600 ϫ g for 5 min. Cells were surface stained with fluorescein isothiocyanate-conjugated anti-mouse CD11b (clone M1/70; BD Pharmingen), PE-conjugated anti-mouse CD86 (clone GL-1; BD Pharmingen), PE-conjugated anti-mouse F4/80 (clone BM8; eBioscience), allophycocyanin-conjugated anti-mouse CD11c (clone HL3; BD Pharmingen), and/or Alexa-647 conjugated anti-mouse neutrophils (clone 7/4; Serotec).
Lung tissue was removed following BAL harvest. One-half of the total lung tissue was stored in 30% sucrose for plaque assay. The remaining half of the lung tissue was stored in protease inhibitor (Roche) for ELISA analysis. Tissues were stored at Ϫ80°C until analysis. For analysis, lungs were thawed on ice and weighed. Lungs were homogenized using a pellet pestle and centrifuged at 2,600 ϫ g for 10 min at 4°C to clarify supernatant.
RSV immunoplaque assay. Twenty-four-well tissue culture plates (Costar) were seeded with 1.5 ϫ 10 5 Vero cells/well in DMEM containing 10% FBS (Gibco), 0.1% Pen/Strep (Cellgro), and 0.001% ciprofloxacin (Bayer). Cells were incubated overnight at 37°C and 5% CO 2 . Medium was removed from confluent monolayers, and serial dilutions of RSV stock or lung tissue-clarified supernatants were absorbed to monolayers. All samples were run in duplicate wells. Plates were incubated at 37°C and 5% CO 2 for 2 h for optimum infection. After incubation, supernatant was removed, and 1 ml of M199 medium (Gibco) containing 0.01% Pen/Strep mixed 1:1 with 2% methylcellulose (Sigma) was overlaid on monolayers. After 6 days of incubation at 37°C and 5% CO 2 or when extensive syncytia developed, the overlay was removed and monolayers were fixed with 1 ml of ice-cold acetone:methanol (60:40). Fixative was removed after 10 min, and plates were air dried. Plates were blocked in 5% nonfat dry milk (Bio-Rad) for 10 min at room temperature. Primary RSV anti-F and anti-G antibodies (clones 131-2A and 131-2G; Chemicon) were added to wells for 2 h, followed by secondary horseradish peroxidase anti-mouse immunoglobulin antibody (clone 187.1; BD Pharmingen) for 1 h. Antibodies were diluted in 5% milk, and plates were incubated at 37°C and 5% CO 2 . Plates were hand washed twice with PBS containing 0.5% Tween 20 (Sigma) after each antibody incubation step. Individual plaques were developed using a DAB substrate kit (Vector) per the manufacture's specifications. The limit of detection for our immunoplaque assay is approximately 1.4 log 10 PFU/g. ELISA analysis. Clarified lung homogenates and cell supernatants were analyzed for IL-6 (BD Pharmingen), TNF-␣ (BD Pharmingen), CCL2 (monocyte VOL. 83, 2009 RSV AND TLR2 1493 on February 1, 2020 by guest http://jvi.asm.org/ chemoattractant protein [MCP-1]) (BD Pharmingen), and CCL5 (RANTES) (R&D Systems) using a sandwich ELISA. ELISAs were performed per the manufacturer's specifications. Type I IFN bioassay. Macrophages were stimulated with RSV strain A2 (MOI of 2), TLR3 ligand poly(I:C) (Amersham) (50 g/ml), TLR4 ligand lipopolysaccharide (LPS; 100 ng/ml), or medium alone for 24 h. Supernatants were removed and UV treated to inactivate the infectivity of the virus. Serial twofold dilutions of UV-inactivated supernatant were added to fresh NTCT929 cells at 1 ϫ 10 5 cells/ml in 96-well flat-bottom tissue culture plates (Costar). Cells were incubated for 24 h at 37°C and 5% CO 2 . After 24 h, supernatants were removed and the NTCT929 cells were infected with vesicular stomatitis virus at 2.5 ϫ 10 3 PFU/ml. The highest dilution of supernatant that resulted in a 50% reduction of vesicular stomatitis virus-induced cytopathic effect was defined as 1 U/ml of type I IFN.
Flow cytometric analysis. Harvested cells were washed twice with cold PBS containing 2.0% BSA, enumerated using a hemocytometer, and transferred to 96-well round-bottom tissue culture plates (Costar). Cells were incubated in anti-mouse CD16/CD32 Fc block (BD Pharmingen) for 15 min at room temperature. Cells were washed twice with wash buffer and surface stained with the indicated antibodies and appropriate isotype controls per the manufacturer's specifications. Cells were washed twice with wash buffer and resuspended in wash buffer for analysis. For intracellular cytokine staining, cells were cultured overnight in the presence of GolgiStop (BD Pharmingen). Following surface staining, cells were treated with a BD Cytofix/Cytoperm Plus kit (BD Pharmingen) per the manufacturer's specifications. Cells were stained with the indicated intracellular antibodies and appropriate isotype controls for 30 min at 4°C in the presence of permeabilization and wash buffer. After incubation, cells were washed twice with permeabilization and wash buffer and resuspended in wash buffer for analysis. Cells were analyzed using a BD LSR II flow cytometer and FlowJo 8.4.2 software (TreeStar).
Statistical analysis. Statistical significance was determined using an unpaired, two-tailed Student's t test. Values of P Ͻ 0.05 were considered significant. Error bars are Ϯ standard deviations or Ϯ standard errors of the means (SEM), as indicated in the figure legends. Statistics were generated using GraphPad software v4.0c (Prism).
RESULTS
TLR2 and TLR6 recognize RSV and mediate proinflammatory responses. The role of TLRs in response to RSV was examined using TLR-deficient mice. Thioglycolate-elicited peritoneal macrophages from C57BL/6, TLR2 KO, and TLR4 KO mice were stimulated with RSV in the presence of brefeldin A, and intracellular cytokine levels were measured by flow cytometry. Macrophages from both TLR2 KO and TLR4 KO mice produced lower levels of intracellular TNF-␣ than wildtype cells following RSV infection ( Fig. 1a ). Interestingly, macrophages from TLR2 KO mice produced the lowest levels of TNF-␣, i.e., less TNF-␣ than TLR4 KO mice and wild-type mice (4, 33, and 51%, respectively), suggesting a major role for TLR2 in the induction of proinflammatory cytokines following RSV stimulation. Controls indicated that TLR2 KO cells responded normally to LPS (TLR4 ligand) stimulation, and TLR4 KO cells responded normally to Pam 2 CSK 4 (TLR2 ligand). To examine whether RSV replication was required to elicit TNF-␣ production, wild-type macrophages were stimulated with live RSV or UV-inactivated RSV (confirmed by immunoplaque assay; data not shown), and intracellular TNF-␣ was measured. The response to RSV and UV-inactivated RSV was equivalent, indicating that RSV replication was not required to stimulate intracellular TNF-␣ production ( Fig.  1c) . To exclude the possibility that contaminating products in the Vero cell-propagated RSV activated TLR2 signaling, sucrose-purified RSV and UV-inactivated purified RSV (a generous gift from Trudy Morrison) were used to stimulate wildtype macrophages. RSV was purified using methods previously described (17, 26) . Purified RSV contained approximately five-fold higher viral protein concentrations than unpurified RSV based on Western blot analysis (data not shown). Purified RSV stimulated wild-type macrophages equivalently to Vero cellpropagated RSV, indicating that RSV itself and not contaminating products in the medium activated TLR2 signaling ( Fig. 1d ).
Since TLR2 can partner with either TLR1 or TLR6 on the cell surface to propagate downstream signaling, we examined whether TLR1 or TLR6 in conjunction with TLR2 was involved in RSV signaling. Wild-type, TLR2 KO, TLR1 KO, and TLR6 KO macrophages were stimulated with RSV, and TNF-␣ levels were measured. A role for TLR6, but not TLR1, was observed in RSV-induced, TLR-mediated cytokine production ( Fig. 1b ). As expected, MyD88 KO cells, which lack signaling via TLR2, TLR1, and TLR6, did not produce TNF-␣ in response to RSV (data not shown). We further examined the role of TLRs in cytokine and chemokine secretion following RSV challenge by measuring cytokine protein levels from in vitro-cultured macrophages using ELISA. Macrophages from TLR2 KO and TLR6 KO mice produced significantly less IL-6 and CCL2 (MCP-1) than wild-type cells following RSV infection ( Fig. 2a and b ). Additionally, a role for TLR4 in the production of inflammatory cytokines IL-6 and CCL2 was observed in the TLR4 KO cells. CCL5 (RANTES) production also was decreased in both TLR2 KO and TLR6 KO cells compared to that of wild-type macrophages after RSV challenge ( Fig. 2c ). CCL5 production in TLR4 KO was lower compared to that of wild-type cells but was higher compared to that of TLR2 KO or TLR6 KO macrophages. Furthermore, MyD88 KO mice exhibited the decreased production of each cytokine and chemokine assayed in response to RSV. Since MyD88 is essential for TLR2, TLR6, and, partially, TLR4 signaling, these data support the hypothesis that TLR-driven MyD88-dependent signaling was important for early cytokine and chemokine production in response to RSV.
Type I IFN responses to RSV in TLR KO mice were examined next. RSV induced levels of type I IFN in each TLR KO group that were similar to those of the wild-type mice (Fig. 2d ). Poly(I:C) (TLR3 ligand) has been shown to stimulate type I IFN production independently of TLR1, TLR2, TLR4, and TLR6 (55) . RSV-induced type I IFN production was similar to that of poly(I:C)-induced type one IFN production in wild-type and TLR KO mice. LPS has also been shown to induce type one IFN production albeit to a lesser extent than poly(I:C). As expected, wild-type and TLR1, TLR2, and TLR6 KO cells produced equivalent amounts of type I IFN in response to LPS, while TLR4 KO cells did not respond to LPS. These data suggest that RSV induces type I IFN production independently of TLR2 and TLR6 signaling.
RSV replication in TLR KO mice. To examine the role of TLRs in RSV replication after in vivo infection, C57BL/6, TLR2 KO, TLR4 KO, and TLR6 KO mice were infected by an i.n. instillation of 2.4 ϫ 10 6 PFU/mouse of RSV. Kinetic studies examining the day of peak virus titer in RSV-resistant C57BL/6 mice as well as RSV-permissive BALB/c and semipermissive B6.129F2/J mice indicated that the virus titer peaked at day 4 in all strains tested (Table 1) . These findings were in agreement with previous studies that demonstrated that peak viral titer in mouse models occurs approximately 4 days after infection (43) . Importantly, data summarized in Table 1 and previous studies have shown that wild-type C57BL/6 mice readily cleared RSV, resulting in significantly diminished virus recovery compared to that of more susceptible mouse strains, such as BALB/c, even at the day of peak viral load, day 4 postinfection (43) . Although the TLR KO mice were back-bred onto the resistant C57BL/6 background, RSV was readily recovered from the lungs of TLR2, TLR4, and TLR6 KO mice on day 4. A significantly higher peak viral load was observed in TLR2 KO and TLR6 KO mice compared to that of wild-type mice on the C57BL/6 background (Fig. 3 ). These data also indicated a significant difference in peak viral titer between TLR4 KO mice and C57BL/6 wild-type mice, with higher viral loads in TLR4 KO mice. These findings confirm our original observations using mice with deficiencies in TLR4 on the C3H and the C57BL/10 genetic backgrounds, which indicated that TLR4 and CD14 were involved in RSV clearance (28) . Significantly higher virus titers in TLR2 KO and TLR6 KO lungs suggested an important role for TLR2 and TLR6 in controlling RSV replication in vivo.
TLR2 signals promote neutrophil recruitment and DC activation in response to RSV. To examine a possible role for TLR2 in the production of early inflammatory mediators in wild-type and TLR2 KO mice in response to RSV, wild-type . 4a ). CCL2 was undetectable at 48 and 96 h postinfection in all groups (data not shown). MyD88 KO mice did not produce detectable levels of CCL2 compared to that of the wild type. Although uninfected mice produced detectable basal levels of TNF-␣, IL-6, and CCL5, we were unable to observe differences in lung homogenates between the groups (data not shown). These data suggested that TLR2 signaling is involved in early CCL2 production within the lungs of RSV-infected mice.
Since CCL2 is a potent leukocyte chemoattractant, the early recruitment of leukocytes to the lung following RSV infection was studied. A large neutrophil influx was observed in the BAL of wild-type mice at 24 h postinfection. In contrast to wild-type mice, fewer neutrophils were observed in TLR2 KO mice BAL at 24 h postinfection, suggesting that TLR2 signaling induced neutrophil migration into RSV-infected lungs (Fig. 4b) . Furthermore, low levels of neutrophils were detected in the BAL of wild-type and TLR2 KO mice at 48 h postinfection and were undetected in BAL at 96 h postinfection, suggesting that neutrophil migration occurs very early during the innate immune response to RSV. Additionally, a reduced number of activated DCs (CD11 hi CD11b hi CD86 ϩ ) was observed in the BAL of TLR2 KO mice compared to that of the wild type at 24 and 48 h postinfection (Fig. 4c ). MyD88 KO mice exhibited a reduced number of neutrophils and activated DCs in response to RSV infection, further indicating a role for TLR2-dependent signaling in activating innate immunity against RSV. Additionally, T-cell, NK cell, and eosinophil migration into the BAL of wild-type and TLR2 KO mice was examined. These cell populations were detected in the BAL at very low frequencies, and no differences were observed between the groups (data not shown).
DISCUSSION

Activating host immune responses during RSV infection is dependent on complex signaling events initiated in part by
TLRs. These coordinated signaling events promote the production of cytokines, chemokines, and IFN-␣, IFN-␤, and IFN-␥ in the lung. Interestingly, the type of inflammatory environment generated during these early signaling events likely alters subsequent T-cell responses, because susceptible infants exhibit characteristics of Th2 responses (6) . Since recent findings have implicated TLR-mediated inflammation in the immunopathogenesis of RSV disease, emphasis has been placed on understanding how TLRs can influence immune responses against RSV (3, 7, 28, 36, 39, 50) .
Initial studies conducted by Kurt-Jones et al. used strain C57BL/10ScNCr (a TLR4 mutant with a deletion mutation) to examine the interactions between RSV and TLR4. However, during the final publication review the strain designation was changed to C57BL/10ScCr (TLR4 deficient and IL-12 deficient), an error that was not caught during revision (unpublished data). Nevertheless, the authors demonstrated that the i.n. infection of RSV in the TLR4 mutant mice resulted in delayed viral clearance at 10 days postinfection compared to that of wild-type mice. In a follow-up study published by the same group, Haynes et al. again used the C57BL/10ScNCr mice (TLR4 deficient, IL-12 responsive) to confirm their original findings (21) . Importantly, Haynes et al. indicated in the text that "C57BL/10ScNCr strain is homozygous for a null mutation of the TLR4 gene . . . a related mouse strain, C57BL/ 10ScCr (not used in these studies), has a reported defect in interleukin 12 (IL-12)-induced production of gamma IFN (IFN-␥). . . . The C57BL/10ScNCr mice used in the present study were IL-12 responsive and expressed IFN-␥ at levels similar to those of the wild type." In contrast to these studies, other investigators examined the interaction between TLR4 and paramyxoviruses, including RSV, and found no association. Ehl et al. investigated whether deficiencies in TLR4 or in IL-12R could contribute to RSV susceptibility in the C57BL/ 10ScCr mouse (13) . The authors concluded that increased susceptibility to RSV in this mouse model was due to defects in IL-12R rather than defects in TLR4. Studies by Van der Sluijs et al. explored the possible interaction between Sendai virus and TLR4 using C3H/HeJ (TLR4 mutant) mice (51) . The authors were unable to find evidence of an interaction between Sendai virus and TLR4. Faisca et al. examined the interaction between PVM, a member of the Pneumovirus genus, and TLR4 using TLR4 mutant mice (14) . Since RSV and PVM share many similarities, the authors suggested that the responses to both pathogens in the mouse should be similar. Additionally, the authors indicated that PVM is a natural mouse pathogen while RSV is not, suggesting that PVM would be a more suitable model for examining TLR4 and pneumovirus interactions in the mouse. In summary, the authors concluded that there was no evidence of an interaction between TLR4 and PVM. Collectively, these studies seemed to suggest some members of the Paramyxoviridae family, including Sendai virus and PVM, do not interact with TLR4 to activate innate immune responses; however, data briefly summarized below suggests that RSV does indeed interact with TLR4 to promote innate immune activation. (19) . Additionally, studies by Boukhvalova et al. in cotton rats establish that the formalin-inactivated vaccine strain of RSV stimulates a Th2-like response, and this effect can be blocked by using TLR4 antagonists (7) . Furthermore, studies by Vogel and colleagues demonstrate a clear linkage between RSV disease severity in high-risk infants and particular TLR4 polymorphism alleles, suggesting that TLR4 plays a significant role in RSV pathogenesis in humans (3) . Interestingly, Rassa et al. demonstrated that mouse mammary tumor virus, a murine retrovirus, also activated innate immunity via TLR4 (38) . Therefore, the literature published by several different groups seems to indicate an important role for TLR4 in the activation of innate immunity in response to RSV infection. Herein we have outlined some important factors that could highly affect study outcomes. First, different inbred mouse strains do express different levels of baseline and induced TLR, including TLR4 and TLR2, which could contribute to differences in innate and acquired immune activation. Importantly, C57BL/ 10ScNCr, C57BL/10ScCr, and C57BL/6 are distinct mouse strains that may differ in TLR expression. Second, the dose of RSV administered can influence disease outcome, because high inocula of RSV are required to elicit immune activation in mice. Third, frozen RSV stocks have been shown to lose a substantial amount of activity over time (Ͼ6 months); therefore, it is critical to use recently propagated stocks for in vivo experiments to ensure optimum immune activation in mice. Fourth, the cell lines that RSV is propagated in can greatly affect infectivity. For example, studies by Taylor et al. have shown that genetically similar mice infected i.n. with equivalent titers of RSV isolated from different cell lines show significant differences in the amount of virus recovered from the lungs (47) . Collectively, differences in these parameters could influence experimental results by different investigators.
The present study used C57BL6/J mice lacking the TLR4 gene (TLR4 KO mice), and the data presented here support our original observations, further suggesting a role for TLR4mediated innate immune activation in response to RSV (i.e., TLR4 deficiency blunted the cytokine response to RSV infection). Additionally, we extended our initial observations by demonstrating that TLR2 signaling also can activate innate immunity in response to RSV.
Studies presented here provide evidence for interactions between RSV and TLR2 and TLR6 but not TLR1. These findings are important, because the lung cytokine and chemokine milieu is thought to directly shape cellular processes within the lung that prevent or promote RSV-induced disease (6) . Macrophages from TLR2 and TLR6 KO mice produce less TNF-␣ than wild-type mice in vitro. TNF-␣ has been linked to both viral clearance and exacerbated airway disease, suggesting one mechanism by which the characteristics of the immune response dictates disease outcome. In fact, previous work indicates that RSV does indeed modulate TNF-␣ secretion; i.e., the small hydrophobic protein inhibits TNF-␣ secretion (16) . RSV likely inhibits a major inflammatory component of TLR2 signaling by limiting TNF-␣ signaling. Since TLR2 KO and TLR6 KO mice were less effective in controlling viral replica-tion, it is possible that the lowered secretion of TNF-␣ in these mice decreased the host response and subsequently affected viral clearance. Additionally, recent findings suggest that TNF-␣ can modulate TLR2 expression, therefore it is possible RSV could further alter immune activation by limiting TLR2 expression (46) . Signaling through TLR2 and TLR6 controlled the expression of IL-6, an important inflammatory mediator that is linked to RSV pathology (31) . In a model of airway allergic inflammation, TLR2 can induce IL-6 production in response to mycoplasma, and the lack of IL-6 production impaired bacterial clearance (54) . Therefore, TLR2-dependent IL-6 production in conjunction with TNF-␣ may play a key role in mediating viral clearance.
TLR2 and TLR6 signaling promoted the production of chemokines CCL5 and CCL2. Both chemokines are linked to RSV pathogenesis (10, 35, 48) . CCL5 is produced primarily by Th1polarizing cells and can influence both innate and acquired leukocyte migration (29) . CCL2 functions as a potent chemotaxic molecule for monocytes, including neutrophils, and can influence Th polarization toward Th2 by stimulating IL-4 production in T cells (18) . In fact, recent studies associate increased CCL2 production with skewed Th2 responses in RSV G protein-primed BALB/c mice; however, this study did not address whether CCL2 causes or results from a Th2-polarized inflammatory environment (10) . Interestingly, studies by Liu et al. demonstrate a role for TLR3 and retinoic acid-inducible gene I in mediating IFN-␤ production and NF-B/RelA transcription by lung epithelial cells in response to RSV (30) . Furthermore, our studies indicated that TLR2 and TLR6 signaling was important for NF-B-dependent cytokine and chemokine production but not for type I IFN production, suggesting that the activation of innate immunity occurs via multiple TLRs in response to RSV to provide optimum protection against RSV-induced disease. Our in vitro studies examined the early inflammatory response initiated by peritoneal macrophages in response to RSV. Additionally, Suzuki et al. demonstrated that murine alveolar macrophages and peritoneal macrophages express similar levels of TLR2 and respond equally to TLR2 ligands, suggesting that alveolar macrophages and peritoneal macrophages exhibit similar responses to RSV (45) . Lung epithelial cells express TLR2 and may produce additional inflammatory components that further contribute to the early inflammatory environment (2, 44) . Collectively, these findings suggested that the control of cytokine and chemokine production by TLR2 is critical for supporting viral clearance while limiting RSV-induced disease.
TLR2 signaling was examined in vivo by infecting TLR2 KO mice with RSV. We were unable to detect differences in TNF-␣, IL-6, and CCL5 production in vivo at 24 h postinfection, suggesting that the peak production of these factors occurred at an earlier time point during the response. TLR2 signaling promoted CCL2 production in vivo. Interestingly, studies examining acute sepsis peritonitis using mouse models showed that CCL2 production was indirectly involved in neutrophil influx through the production of leukotriene B 4 , suggesting that CCL2 production influences neutrophil migration (32) . Moreover, we observed a decrease in lung neutrophils in the BAL of TLR2 KO mice at 24 h postinfection. These findings indicated that TLR2-mediated CCL2 production is important for early neutrophil migration to the lung in response to RSV infection. Neutrophils are innate leukocytes that traffic to sites of infection via chemokine gradients and greatly aid the clearance of virus-infected cells. The presence of neutrophils correlates with RSV disease severity and, further, these cells secrete inflammatory mediators, including reactive oxygen species and cytokines (i.e., IL-8), that further drive inflammation and indiscriminately kill both infected and uninfected tissues (4, 24, 52, 53) . Therefore, heightened TLR2 signaling may mediate neutrophil-associated airway inflammation through CCL2 production.
Early inflammatory components can profoundly influence DCs in their ability to shape innate and acquired immune responses. Therefore, we examined the affect of TLR2 signaling on DC activation. Within the lung, immature DCs sense viruses, including RSV, in part through TLRs and can promote T-and B-cell responses after receiving activation signals from components that make up the inflammatory environment (12, 22) . We observed a decrease in activated lung DCs (CD11b hi CD11c hi CD86 ϩ ) in TLR2 KO mice at 24 and 48 h postinfection, suggesting that TLR2-mediated signals generated during RSV infection could influence DC activation. Interestingly, Rudd et al. showed that a lack of MyD88-dependent signaling in DCs can promote Th2 responses after RSV infection (39) . Additionally, TLR2 signaling may further contribute to RSV responses by facilitating interactions between DCs and neutrophils that can further shape T-and B-cell polarization (34) .
Collectively, these studies indicated that TLR2, in addition to previously discovered TLRs, including TLR3, TLR7, and TLR4 plus CD14, activate innate immune responses upon RSV recognition (28, 40, 41) . TLR2 and TLR6 signaling, but not TLR1 signaling, activated inflammatory components that are thought to promote the clearance of RSV and prevent RSV-induced disease. Since the early inflammatory environment greatly shapes subsequent immune responses, these findings provide new insight into how TLR signaling could contribute to a beneficial anti-RSV immune response. Interestingly, TLR4 signaling can influence TLR2 expression following certain stimuli, suggesting that the optimal induction of multiple signaling pathways is required to elicit protective rather than deleterious innate immune responses following RSV infection, consistently with a role for both TLR4 and TLR2 in the response to RSV (15) . Finally, data presented here suggested that TLR2 signaling was involved in activating T-cell-like responses; therefore, RSV vaccines incorporating TLR2 adjuvant may help elicit strong Th1 responses. This strategy was evaluated in mouse models of RSV disease using the TLR2 ligand peptidoglycan as an adjuvant and showed effectiveness in limiting RSV-induced disease (20) . Alternatively, TLR2 antagonist therapies may provide some benefit to susceptible children during active infection by dampening inflammation and limiting neutrophil-associated airway inflammation. In light of the findings presented here, therapies targeting TLR2 signaling may prove beneficial in limiting RSV infection and preventing RSVinduced disease.
